Introduction {#S1}
============

Multiple endocrine neoplasia type 1 (MEN1) is a dominantly inherited tumor syndrome that results from the mutation of *Men1* ([@R7]), which encodes menin protein. Menin has been found to interact with mixed lineage leukemia (MLL) protein ([@R20]), which is a histone H3 lysine 4 (H3K4) methyltransferase ([@R34]). Multiple lines of evidence indicate that one of menin's biochemical functions is to promote MLL-dependent H3K4 methylation, leading to enhanced transcription of target genes such as *Hoxa9* and cyclin dependent kinase inhibitors, p18 and p27 ([@R8]; [@R35]; [@R46]; [@R48]). However, it is not clear why the attenuated menin expression specifically causes a unique and restricted pattern of endocrine tumors in both humans and mice despite the ubiquitous expression of menin in almost all tissues ([@R16]).

*Men1*^-/-^ mice die in mid-gestation (between embryonic day 11.5 to 13.5), while *Men1*^+/-^ mice develop endocrine tumors later in their life with a spectrum similar to that in MEN1 patients ([@R9]). Heterogeneous expression of *Men1* suggests that attenuation, rather than complete abrogation of *Men1* function, facilitates a tumorigenic signaling pathway in endocrine cells ([@R10]). Although conditional alleles have been generated to allow tissue-specific homozygous deletion of *Men1* ([@R41]), *Men1^+/-^* mice, presumably retaining a lower level of menin expression, were used to gain an unbiased assessment of the functional *in vivo* interaction between menin with p18 and p27 proteins ([@R2]).

An alternate approach to evaluate *Men1*-mutation phenotype is to use neoplastic cells transformed by oncogenes. *Ras* is an oncogene originally identified in rat sarcoma virus. Transforming *Ras* genes cause tumor progression, often accompanied by somatic mutations in tumor suppressor genes ([@R21]). Through this approach, Kim and colleagues first demonstrated that stable overexpression of *Men1* partially suppressed the *Ras*-mediated tumor phenotype in NH3 fibroblast cells ([@R22]). However, little is known about the molecular mechanisms by which menin decreases the oncogenic effects upon cell morphology.

To address menin's role in endocrine cells, we sought to test menin's tumor suppressing function by ectopic expression of menin in βHC9 pretumor beta cells. This cell line was generated from individual hyperplastic pancreatic islets (a tumor precursor stage) of transgenic mice expressing the SV40 large T antigen under control of the rat insulin promoter ([@R38]). Using this cell model, we found that ectopic menin expression increased cell adhesion and promoted normal endocrine cell morphology. Menin interacted with a scaffold protein, IQGAP1, and attenuated GTP-Rac1 binding to IQGAP1 but enhanced binding of E-cadherin/ß-catenin to IQGAP1. Immunostaining showed that E-cadherin and β-catenin were reduced at cell junctions in the islets of *Men1*-excised mice. These results define a novel menin-IQGAP1 pathway that links the cytoskeleton to cell adhesion and migration in endocrine cells.

Results {#S2}
=======

Menin enhances aggregation of islet cells {#S3}
-----------------------------------------

To investigate the function of menin in islet ß cells, we ectopically expressed menin in an insulin-secreting ß cell line, ßHC9. More specifically, ßHC9 cells were infected with either control recombinant retroviruses or retroviruses expressing menin tagged with the TAP (tandem affinity purification) epitopes, SBP (streptavidin binding peptide) and CBP (calmodulin binding peptide) ([supplemental data, Fig. S1A](#SD2){ref-type="supplementary-material"}). The resulting pooled and menin-expressing retrovirus-infected cells (Men1-TAP) showed approximately 2-3 fold higher menin expression, with the size of the tagged menin slightly bigger than the endogenous menin, as compared with the vector-infected control cells (Mock) based on immunoblotting ([Fig. S1C](#SD2){ref-type="supplementary-material"}). High density Men1-TAP cells but not control cells formed multilayers of cell clusters and thus more closely mimicked normal islet morphology ([Fig. 1A, B](#F1){ref-type="fig"}). At a low density, control cells were well spread and separated from each other, and readily formed lamellipodia ([Fig. 1C](#F1){ref-type="fig"}). In contrast, low-density Men1-TAP cells were relatively round and formed compact clusters, but not lamellipodia ([Fig.1D](#F1){ref-type="fig"}). The polarized appearance that distinguished individual control cells from Men1-TAP cells were defined by cell shape index, i.e. 2.5±0.5 vs 1±0.1 (n=10; ±S.D.) (see [Fig.1](#F1){ref-type="fig"} legend).

To test the possibility that the epitope tags fused with menin, rather than ectopic menin expression, contributed to the morphological changes, we generated an additional stable cell line by infecting ßHC9 cells with retroviruses expressing untagged menin ([Fig. S1A](#SD2){ref-type="supplementary-material"}). The resulting cell line (Men1), showed a higher level of menin expression ([Fig. S1C](#SD2){ref-type="supplementary-material"}, lane 3), and a more compact, clustered phenotype as compared to control, vector-infected cells ([Fig. S1B](#SD2){ref-type="supplementary-material"}).

Menin expression changes actin distribution {#S4}
-------------------------------------------

The morphological changes described above were likely to reflect changes in cytoskeletal organization, particularly of actin filaments. Although stress fibers were rarely seen in both cell types, more F-actin patches were found in the cytoplasm of mock-infected control cells than Men1-TAP cells. The other conspicuous difference in actin organization between the two cell types was the accumulations of F-actin surrounding the cell membrane of Men1-TAP versus at the leading edge of control cells ([Fig.1E-H](#F1){ref-type="fig"}). The distribution difference was reflected by a \~50% loss of β-actin in menin overexpressing cells, as determined by immunobloting ([Fig.2D](#F2){ref-type="fig"}) and quantitative real-time PCR (data not shown). These results suggest that menin expression promotes actin assembly at cell membrane and negatively regulates steady state levels of β-actin in cytoplasm, possibly due to delocalization of IQGAP1 (see below).

Menin interacts with IQGAP1 {#S5}
---------------------------

During our investigation into the role of menin in controlling cell morphology, we tried to identify menin interacting proteins in β cells. To that end, we subjected the mock cells and Men1-TAP cells to sequential affinity purifications, using streptavidin and calmodulin-conjugated beads. One major band at \~180 kD was reproducibly identified during multiple rounds of purification in Men1-TAP cells, but not in the mock cells, indicating specific association with the tagged menin ([Fig. 2A](#F2){ref-type="fig"}). Mass spectrometry identified this band as IQGAP1, a scaffold protein that interacts with a variety of proteins, including Rac1, Cdc42, E-cadherin, β--catenin and F-actin to regulate cell motility and adhesion ([@R12]; [@R27]; [@R32]).

Physical interaction between menin and IQGAP1 was confirmed by a co-immunoprecipitation (IP) assay. An anti-menin antibody was able to pull down IQGAP1 in both mock-infected and menin overexpressing cells ([Fig. 2B](#F2){ref-type="fig"}), and more IQGAP1 was present in anti-menin IPs obtained from Men1 cells than from control cells ([Fig. 2B](#F2){ref-type="fig"}). The latter result suggested that IQGAP1 interacted with both endogenous and ectopically expressed menin. We noticed, however, that the amount of IQGAP1 in IPs obtained from mock and Men1-TAP cells were nearly identical, despite the large presence of menin in the Men1-TAP cells ([Fig.2B, 2D](#F2){ref-type="fig"}). This is likely due to the fact that the immunoprecipitating anti-menin antibody (BL342) was generated using a synthetic peptide corresponding to the C-terminus of human menin and thus may have had a lower affinity for menin modified at its C-terminus with the TAP epitope tag than for unmodified menin. Reciprocal co-IP experiments demonstrated that anti-IQGAP1 could pull down menin ([Fig. 2C](#F2){ref-type="fig"}), albeit less effectively than anti-menin pulled down IQGAP1 ([Fig 2B](#F2){ref-type="fig"}). This result suggests that either a small fraction of menin binds IQGAP1 or the affinity between menin and IQGAP1 is negatively affected by the anti-IQGAP1 antibody. In either case, these collective results indicate that menin and IQGAP1 interact in β cells.

Menin increases IQGAP1 accumulation at the plasma membrane {#S6}
----------------------------------------------------------

Consistent with our biochemical evidence for an IQGAP1-menin association in cells ([Fig. 2A-C](#F2){ref-type="fig"}), we found extensive immunofluorescent co-localization of IQGAP1 with a non-nuclear pool of menin in our β cell lines. However, co-localization around the plasma membrane appeared more extensive in Men1-TAP cultures than in controls, especially at cell-cell junctions ([Fig. 3A](#F3){ref-type="fig"}). The impression that menin overexpression enhanced IQGAP1 localization at the cell surface was further supported by transient transfection studies of IQGAP1-YFP. Cortical enrichment of the fluorescent fusion protein was much more evident in the Men1-TAP cells than in control cells ([Fig.3B](#F3){ref-type="fig"}). Interestingly, co-expression of mCherry-Rac1 with IQGAP1-YFP prevented the overexpressed menin in Men1-TAP cells from targeting IQGAP1 to the cortex ([Fig. 3C](#F3){ref-type="fig"}). As expected, overexpression of mCherry-Rac1 increased the level of Rac1-GTP, an active form to bind IQGAP1 ([Fig. S3](#SD4){ref-type="supplementary-material"}). These results suggest that the intracellular distribution of IQGAP1 is controlled by both menin and Rac1, but that Rac1 is dominant.

Menin increases accumulation of E-cadherin/β-catenin at cell-cell contact sites {#S7}
-------------------------------------------------------------------------------

Having established the intracellular distributions of menin and IQGAP1, we next investigated the biological significance of menin-induced IQGAP1 accumulation at intercellular adhesion sites. As determined by cell adhesion assays ([@R37]), cells expressing menin (Men1) had strong adhesion, particularly to Fc-E-cadherin ([Fig. 4A](#F4){ref-type="fig"}). By immunofluorescence, E-cadherin was 2-3 times more concentrated at sites of cell-cell contact in menin-expressing cells than anywhere along the surfaces of mock-infected control cells ([Fig. 4C](#F4){ref-type="fig"}). The distribution of β-catenin was similar to E-cadherin staining in βHC9-derived cells. Menin-expressing cells displayed broader bands of β-catenin staining, reflecting regions of cellular contact ([Fig. 4C](#F4){ref-type="fig"}). In mock cells, however, β-catenin was frequently restricted to a thin line where adjacent mock cells made contact, and showed a 2-3 fold of lower staining intensity than in menin-expressing cells ([Fig. 4C](#F4){ref-type="fig"}). Immunoblots of cell lysates revealed comparable levels of E-cadherin and β-catenin in the mock and Men1-TAP cell lines ([Fig. 2D](#F2){ref-type="fig"}). Together, these results suggest that menin-expression significantly increased intercellular adhesion via E-cadherin pathway.

To examine whether distributions of β-catenin and E-cadherin are altered in Men1-associated islet tumors, we immunostained enlarged islets from the Men1-excised mice and control islets from wild type mice ([@R41]). As shown in [Fig. 4D](#F4){ref-type="fig"}, the staining intensity of E-cadherin surrounding the cell membrane was much higher in menin-expressing control islets. In the case of β-catenin, staining intensity was very similar in the control and Men1-excised mice, but β-catenin labeling was confined to a narrower band near the surface of Men1 knockout islet cells. These regions of β-catenin immunoreactivity ranged from 0.5-2 μm wide in Men1-deleted islet cells but were 2-4 μm wide in control islets. These results suggest that Men1-deletion leads to reduced distribution of E-cadherin and ß-catenin at the surface of pancreatic islet cells.

To demonstrate the association of menin and IQGAP1 with cadherin complex, Men1 cells and IQGAP1 shRNA-expressing cells were subjected to IP with anti-menin antibody, followed by Western blotting with either anti-ß-catenin or anti-IQGAP1 antibodies. IQGAP1 and β-catenin were simultaneously immunoprecipitated by menin-specific antibodies. At similar amount of β-catenin input, the levels of β-catenin were reduced by \~60% in IPs obtained from IQGAP1-knock down cells ([Fig. 4E](#F4){ref-type="fig"}). Furthermore, IQGAP1-deficient cells reduced staining intensity of E-cadherin and β-catenin at the cell-cell contacts ([Fig.S4](#SD5){ref-type="supplementary-material"}), and displayed a weak cell adhesion ([Fig. 4B](#F4){ref-type="fig"}). Thus, IQGAP1 is crucial to bridge the menin E-cadherin/β-catenin interactions in islet cells.

Menin expression inhibits β cells migration {#S8}
-------------------------------------------

To assess the importance of the menin-IQGAP1 interaction in ß cell motility, we performed a modified Boyden chamber assay. After 24 hours of migration, virtually all of the Men1-TAP cells remained in the upper chamber, but a small number of mock cells migrated completely through the filter membrane ([Fig. 5A](#F5){ref-type="fig"}). Because the total number of migratory and non-migratory mock cells was less than that of the seeded cells, we suspected that quite a number of mock cells might be trapped in the filter membrane. We therefore used an alternative approach, the scratch wound assay, to compare the motility of mock versus Men1-TAP cells. As can be seen in [Figure 5B](#F5){ref-type="fig"}, the degree of wound closure achieved by mock cells within 24 hours of wounding was comparable to what was seen after 5 days by the Men1-TAP cells. The dramatic difference between the two cells lines reinforces the impression from the Boyden chamber migration assays that menin overexpression reduces cell motility.

To test the effect of Rac1 activity on menin inhibition of cell mobility, we transiently overexpressed constitutively active mutant, RFP-Rac1 (Q61L) in Men1-TAP cells. After 24 hours, Men1-TAP cells reduced the wound gap by 13 % (64 μm of 511 μm) relative to 53% (276 μm out of 519 μm) of mock control cells ([Fig. S5](#SD6){ref-type="supplementary-material"}). However, overexpression of active Rac1 (Q61L) increased the migration speed of Men1-TAP cell 2 fold from 64 μm to 122 μm ([Fig. S5](#SD6){ref-type="supplementary-material"}). Thus, active Rac1 can abrogate the migratory inhibition caused by Men1 expression in β cell.

Menin modulates IQGAP1 interactions with Rac1 {#S9}
---------------------------------------------

IQGAP1 has been reported to promote cell motility via interactions with Rac1 and Cdc42 ([@R4]; [@R32]). To test whether menin affects the IQGAP1-Rac1 interaction, we performed affinity pull-down assays to examine associations of menin, IQGAP1 and Rac1 ([Fig. S6A](#SD7){ref-type="supplementary-material"}). We precoated Ni-NTA agarose with His-tagged IQGAP1 and then subsequently incubated the coated beads with menin and activated or inactive Rac1. As expected, menin and GTPγS-Rac1 bound independently to IQGAP1 (lanes 4 and 6). The affinity of GDP-Rac1 to IQGAP1 was very low, slightly higher than its background binding to naked Ni-NTA agarose beads (lane 5 vs lane 2). However, GTPγS-Rac1 binding to IQGAP1 was substantially reduced in the presence of menin (lane 7). Thus, activated Rac1 and menin may competitively bind to IQGAP1. This conclusion was fortified by studies of live cells. Mock cells and menin-overexpressing cells were subjected to IPs and immunoblotting. Anti-Rac1 pulled down IQGAP1 but 2.8 fold less effectively in cells that ectopically expressed menin ([Fig. S6B, C](#SD7){ref-type="supplementary-material"}).

To determine regions in IQGAP1 responsible for menin binding, we tested menin binding to various recombinant fragments of IQGAP1. In these assays, menin showed a weak interaction with N-terminal fragment IQGAP1-N2 (aa 2-522) and strong binding to C-terminal fragments including IQGAP1-C3 (aa 956-1657). However, C3-splited shorter fragment C1(aa 956-1274) and C2 (aa 1276-1657) did not bind or displayed a weak interaction to menin ([Fig. 6A-C](#F6){ref-type="fig"}). Together with a previous study showing direct interactions between C1, C2 and N2 ([@R15]; [@R28]), our data suggest that the binding of menin to IQGAP1 depends on the tertiary structure formed between the C-terminal (C3) and N-terminal (N2) domains. Menin-IQGAP1 structural binding may induce IQGAP1 C-terminal conformation affinity toward E-cadherin/β-catenin but against Rac1-GTP ([Fig. 6E](#F6){ref-type="fig"}).

Menin expression reduces Rac1-GTP {#S10}
---------------------------------

Small GTPases of the Rho family, including Rac1, RhoA, and Cdc42, regulate multiple signaling pathways that affect cell shape and motility, transcription, and cell-cycle progression ([@R39]). Thus, we sought to determine whether menin affects the activities of these small G proteins using assays to measure their binding to partners that selectively interact with GTP-bound forms of Rac1, RhoA or Cdc42 ([@R43]). Prior to harvesting the cells for GTPase binding assays, the cells were serum starved and then stimulated with fresh serum. As shown in [Figure 6D](#F6){ref-type="fig"}, menin overexpression caused a dramatic suppression of Rac1 activation by serum stimulation.

RhoA-GTP level was increased but not consistent in mock cells, suggesting that RhoA may play a complicate function in β cells ([Fig.S6D](#SD7){ref-type="supplementary-material"}). Neither Cdc42-GTP nor total Cdc42 were detected in these cell lines ([Fig.S6D, S6E](#SD7){ref-type="supplementary-material"}). Collectively, these results indicate that Rac1 is a major Rho family GTPase in the islet cell lines used for this study, and that menin potently prevents Rac1 activation. Inactivation of Rac1 is possibly another mechanism by which menin competitively inhibits Rac1-IQGAP1 interaction in living cells ([Fig.6E](#F6){ref-type="fig"}).

Discussion {#S11}
==========

Menin mutations have been known for more than a decade to cause the MEN1 class of multiple endocrine tumors ([@R7]), but the oncogenic mechanisms have remained obscure. Until recently, most studies of menin have focused on its role in the nucleus, where it indirectly regulates histone H3 methylation and transcription of at least a few genes that are involved in cell cycle control ([@R34]; [@R35]; [@R41]). Although menin is primarily a nuclear protein, it is also detectable in the cytoplasm and on membranes ([@R17]), and its differential distribution between the nucleus and cytoplasm is cell cycle-dependent ([@R19]; [@R30]). Because little is known about the function of cytoplasmic menin in β cells, we decided to search for cytoplasmic binding partners of menin. We found that a major cytoplasmic binding partner of menin is IQGAP1 ([Fig. 2](#F2){ref-type="fig"}), a protein known to be intimately involved in controlling cellular motility and morphogenesis through regulation of actin assembly ([@R4]; [@R6]; [@R28]) and intercellular adhesion ([@R24]). We propose a menin-IQGAP1 pathway, which contrasts and complements the "menin-MLL pathway" in the nucleus ([@R8]; [@R20]; [@R46]; [@R48]).

Functional interaction between menin and IQGAP1 in endocrine cells {#S12}
------------------------------------------------------------------

*Men1* deletion and mutation causes multiple endocrine tumorigenesis ([@R26]). Similarly, IQGAP1 is widely expressed in various tissues. IQGAP1-null mutant mice develop gastric hyperplasia, lung adenoma/adenocarcinoma, and testicular atrophy or mineralization relative to wild-type animals of the same genetic background ([@R29]). These observations are consistent with the notion that menin and IQGAP proteins may functionally link to the same pathway in the endocrine cells.

IQGAP1 lies in the midst of a complex signal transduction network that regulates cortical microfilaments (MFs) organization, cell motility and cadherin-induced cell adhesion ([@R3]; [@R24]). Several lines of evidence demonstrate that the interaction of IQGAP1 with menin contributes to the effects on cell adhesion and migration. First, menin increased β cell aggression, which was attenuated by IQGAP1 knockdown ([Fig.4A-B](#F4){ref-type="fig"}). Second, increasing menin concentration leads to a concomitant augmentation of IQGAP1, E-cadherin and β-catenin on the cell surface ([Fig.3B](#F3){ref-type="fig"}, [4C](#F4){ref-type="fig"}). In contrast, menin ablation from islets in vivo decreased the accumulations of E-cadherin and β-catenin at the cell-cell contacts ([Fig. 4D](#F4){ref-type="fig"}). Third, menin forms supercomplex with IQGAP1 and β-catenin in β-cells ([Fig. 4D](#F4){ref-type="fig"}). Fourth, menin and Rac1 control the subcellular distributions of IQGAP1 in β cells ([Fig.3B, C](#F3){ref-type="fig"}). They competitively form complex with IQGAP1 in vitro and in cultured cells ([Fig. 3](#F3){ref-type="fig"}, [Fig.6](#F6){ref-type="fig"}, [Fig. S6](#SD7){ref-type="supplementary-material"}). This result is in agreement with the previous discovery that reduction of Rac1-GTP level by TPA stimulation could decrease the Rac1-IQGAP1 complexes and increase the IQGAP1-β-catenin complexes ([@R13]).

Regulation of cell motility and cell adhesion through menin-IQGAP1 pathway {#S13}
--------------------------------------------------------------------------

Menin overexpression led to decreased cellular motility and increased cell-cell adhesion caused by recruitment of IQGAP1, E-cadherin and β-catenin to intercellular junctions. Paralleling these effects of menin overexpression were a reduction in the cytoplasmic levels of activated Rac1 ([Fig. 6D](#F6){ref-type="fig"}), a small G protein whose GTP-bound state and localization at membranes are positively regulated by IQGAP1, and which in turn regulates functional properties of IQGAP1 ([@R14]; [@R18]; [@R31]; [@R45]). On the other hand, association of IQGAP1 with activated Rac1 was attenuated by menin structurally binding to IQGAP1 terminus ([Fig 6E](#F6){ref-type="fig"}). These results implicate menin as an important regulator of IQGAP1 and Rac1, and by extension, the adhesion and motility of endocrine cells.

A previous model of intercellular adhesion stipulates specific regulatory roles for activated Rac1 and IQGAP1 ([@R36]). The data on which the model is based on the binding of IQGAP1 to β-catenin abrogates binding of the β-catenin/E-cadherin complex to α-catenin and thus, leads to decreased adhesion. This IQGAP1-mediated inhibition of adhesion can be relieved, however, by binding of Rac1-GTP to IQGAP1, which displaces IQGAP1 from β-catenin ([@R24]). Other studies, however, show that activated Rac1 and Cdc42 interact with IQGAP1 and promote cell mobility and polarization ([@R31]; [@R44]; [@R45]). The result presented here indicated that strong adhesion in our β cell lines was correlated with low, basal levels of Rac1-GTP, whereas weak adhesion was correlated with high Rac1-GTP levels and high cell mobility. These results strike us as different mechanisms to modulate IQGAP1 polarity in cell type-specific behavior.

Interplay between menin and IQGAP1 regulates IQGAP1 polarity function {#S14}
---------------------------------------------------------------------

Given that IQGAP1 functions in both cell adhesion and mobility, it would be asked what mechanism modulates the two activities in the same cell. IQGAP1 is both a downstream effector and an upstream activator of Cdc42, where active Cdc42 antagonizes IQGAP1 dissociation of the cell-cell contacts ([@R12]; [@R27]). Recently Cdc42 has been shown to inhibit IQGAP1's role in polarized secretion in β cells or perhaps migration ([@R40]). Our results suggest that, at least in the Cdc42-deficient βHC9 cells, menin can replace the active Cdc42 and compete with Rac1 in a complex with IQGAP1, to increase IQGAP1-cadherin association at cell junctions ([Fig. 6E](#F6){ref-type="fig"}). In contrast, activation of Rac1 could increase IQGAP1-Rac1 activity in the cytoplasm and inhibit IQGAP1 association with the E-cadherin-β-catenin complex. Thus, menin and Rac1 competitive interactions with IQGAP1 drive IQGAP1 polarity functions at the cell-cell contacts vs. its polarity functions at the leading edge of migrating cells ([Fig. 6E](#F6){ref-type="fig"}).

Since menin represses Ras-mediated transformation in NIH 3T3 cells ([@R22]), and Rac1 is required for Ras-induced development of lung cancer in mice ([@R23]), the results of this study may provide a new insight into how menin represses the oncogenic activity of Ras. On the other hand, our model may explain the loose association among islet cells in Men1 insulinoma ([@R5]). In epithelial cells, E-cadherin plays a key role in cell-cell adhesion, and loss of E-cadherin is a hallmark of tumor progression, cancer cell invasion and metastasis ([@R1]). Further work is required to biochemically decipher how menin inhibits Rac1 activation ([Fig.6E](#F6){ref-type="fig"}).

Materials and Methods {#S15}
=====================

Constructs and cell lines {#S16}
-------------------------

To generate pMX-Men1-TAP construct, the human *Men1* cDNA was subcloned in frame into *Bam-HI-Hind III* restriction sites of a pCTAP vector (Stratagene), and the resulting menin-TAP fragment was excised from this construct and cloned into the *Not1* and *BamH1* sites of retroviral plasmid, pMX-puro ([Fig. S1A](#SD2){ref-type="supplementary-material"}). pMX-Men1 was constructed by directly inserting human Men1 cDNA fragment into pMX-puro at *Not1* and *BamH1* sites. All the retroviruses were packaged to infect βHC9 cells as previously described ([@R8]). To stably overexpress wild-type menin, βMX1 cells were reinfected by pcDNA3-Men1 ([@R25]). A pLKO.1 lentiviral shRNA set targeting mouse IQGAP1 (RMM4534-NM_016721, OpenBiosystem) was used to knockdown IQGAP1. All stable cell lines were created by antibiotic selection (puromycin for pMX-plasmids or G418 for pcDNA3.1-plasmids) ([Fig. S1](#SD2){ref-type="supplementary-material"}). The cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Mediatech, Inc, Herndon, VA) in the presence of 10% fetal bovine serum, 5% iron-supplemented calf serum (cosmic calf serum) (Hyclone), and 1% penicillin-streptomycin (Invitrogen).

The mCherry-Rac1 vector was produced from an eCFP-Rac1 vector obtained from the lab of Dr. Klaus Hahn. The eCFP coding region was excised from the eCFP-Rac1 vector and the mCherry coding region from an mCherry-C1 vector by *NheI* and *BsrGI* digestion ([@R42]). β cell lines were transiently transfected using Lipofectamine™ 2000 Reagent (Invitrogen).

Fluorescence microscopy {#S17}
-----------------------

Cells were fixed and stained with indicated antibodies as previously described ([@R47]). The primary antibodies used in the study were purchased from companies as described in [supplementary data](#SD2){ref-type="supplementary-material"}. Texas-Red Phalloidin (Invitrogen) was used to stain F-actin. The fluorescence was examined using a confocal laser scanning microscope (LSM510, Carl Zeiss, Oberkochene, Germany), and a series of images from 1-μm YZ sections were collected. Images were stacked using the LSM510 software and processed by Adobe Photoshop. Genotyping, excision of the floxed *Men1* locus and islet slide staining of mice were performed as describe earlier ([@R41]).

Purification of the tagged-menin complex and Mass Spectrometry analysis of the purified proteins {#S18}
------------------------------------------------------------------------------------------------

Mock and Men1-TAP cells (1.5×10^8^) were separately lysed in cell lysis buffer \[250mM NaCL, 1mM MgCL2, 1mM CaCL2, 50mM Tris-HCL at pH 8.0, 0.5% NP-40, 5% glycerol, 2x EDTA-complete protease inhibitor cocktail (Roche)\]. The lysates were quickly frozen in dry ice/ethanol slurry for 10 min, followed by incubation for 20 mins in ice-water. Two steps of purification were performed as recommended by the manufacturer (Stratagene). For analysis of protein complexes, a 1/15 volume of sample was separated in NuPAGE 4-12% Bis-Tris gel and visualized by silver stain (Silver staining kit, Invitrogen). The other 1/15 volume was immunoblotted against menin antibody ([Fig. S2](#SD3){ref-type="supplementary-material"}). The remaining sample was fractionated in the same SDS gel and stained with colloidal Coommassie blue staining. Bands of interest were excised and analyzed by mass spectrometry.

Adhesion assays {#S19}
---------------

Adhesion assays were performed essentially as described previously ([@R37]) with certain modifications. Cells were detached with 1.5mM-EDTA in PBS (without calcium and magnesium) and diluted in serum-free medium. Cells (2×10^5^ /well) were seeded to 96-well plates that had been precoated with either PBS, fibronectin (10μg/ml) or goat anti human IgG Fc (20 μg/ml) /Fc-E-cadherin (2μg/ml). After 20 minutes of incubation at room temperature and three washes, the adherent cells were counted from quadruplet wells.

Recombinant binding assay {#S20}
-------------------------

All affinity purification were essentially performed as described previously ([@R15]; [@R28]). Briefly, GST-tagged IQGAP1 C-terminal fragments were expressed in *Escherichia coli* (DH5α) and induced with 0.1mM isopropyl 1-thio-β-D-galactopyranoside (IPTG) at 28 °C for 16 hrs. The cells were harvested in lysis buffer (10mM Tris-HCL, pH 8.0, 150mM NaCL, 0.5mM EDTA, 2mM MgCL2, 2mM CaCl2, 0.1% NP40), sonicated and centrifuged at 13,000×g for 20 min. The supernatants were purified on Glutathione Sepharose 4B (GE Healthcare). For menin binding assay, the purified GST-fusion proteins were incubated with 0.2 μg of menin for 1 hr at 4 °C.

IP, affinity assays, small G protein affinity binding assays and migration assays are described in [supplemental methods](#SD2){ref-type="supplementary-material"}

Supplementary Material {#S21}
======================

The parent clonal βHC9 insulin-secreting cells ([@R38]) were obtained from the cell repository of the Diabetes Research Center at the University of Pennsylvania, with permission of Dr. F.M. Matschinsky. We thank Drs. Faming Zhang for his gifts of purified MBP-tagged menin and non-tagged menin, Martin A. Schwartz for mutant human Rac1 vectors, and Ruth Kroschewski for the IQGAP1 C-terminal constructs (C1-C4). All confocal images and quantitative analyses of fluorescent intensity were conducted at the Biomedical Imaging Core Facility at the University of Pennsylvania. We thank Peter Blessington, Alicia Nelson, Hai Shen, Mercy Gohil and Elena Blagoi for their technical assistance. A special thanks to Drs. Claudia Andl and Margaret Chou for their stimulating discussions. This work was supported in part from NIH grants (R01-CA-100912 and R01-CA-113962 to XH, and R01-NS051746 to GSB), and a grant from the American Diabetes Association (7-07-RA-60 to XH).

![Menin overexpression induces βHC9 cells to become compact and clustered. Two types of βHC9-derived cell lines are shown: mock (pMX-puro empty vector) and Men1-TAP (overexpressing menin-TAP). Differential interference contrast images of cells are shown at low **(A, B)** and high **(C, D)** magnification. Texas Red-phalloidin staining was used to assess the organization of F-actin. Eleven confocal Z-stacks were taken and projected into one image **(E, F)**, and a single confocal section stained for F-actin and for nuclei with DAPI is also shown **(G-H)**. The morphological polarity of a cell was defined by a seminquantitative index of cell shape as described by Donnadieu and coworkers ([@R11]). Briefly, the cell was traced as an ellipse using Photoshop software. Two lines were drawn: one along the longest axis of the ellipse; the other perpendicular to the first and bisecting it. The cell shape index was determined by the ratio of the long axis to the short axis.](nihms77188f1){#F1}

![IQGAP1 is a major cytoplasmic binding partner of menin. Soluble extracts from mock cells and Men1-TAP cells were used for TAP purification. **(A)** The purified products were separated on SDS-PAGE and identified with silver staining. The two most prominent bands in lane 3 were excised from the gel, and their tryptic peptides were identified as menin and IQGAP1 by mass spectrometry (nanoLC/nanospray/MS/MS). **(B)** and **(C)** Physical interactions between menin and IQGAP1 were verified by in vitro reciprocal immunoprecipitation. **(D)** Comparative expression levels of proteins marked by the indicated antibodies in mock and Men1-TAP cells.](nihms77188f2){#F2}

![Menin co-localizes with IQGAP1 in β cell lines. The right panel showed quantitative analyses of fluorescence intensity across co-localized areas using Zeiss LSM510 software, underscoring the fluorescence distribution in the membrane and cytoplasm (i.e. peak's breadth). **(A)** Distinct enrichments of menin at the cell-cell contacts in mock and Men1-TAP cells. **(B)** Distinct accumulations of overexpressed IQGAP1-YFP on the cell surface and in the cytoplasm between mock and Men1-TAP cell. **(C)** Overexpressed mCherry-Rac1 delocalizing subcellular distributions of IQGAP1-YFP in Men1-TAP cells.](nihms77188f3){#F3}

###### 

Menin promotes cell-cell adhesions. **(A)** Cells were detached with 1.5mM EDTA-PBS at 37 °C for either 5min (Mock) or 15min (Men1). The detached cells were diluted and added to wells coated with PBS, Fibronectin (Fn) or Fc-E-cadherin (E-cad). The number of adherent cells/microscopic field is presented (n=5; ± S.D). **(B)** IQGAP1 knockdown reduced cell adhesion to E-cadherin in menin overexpression cells. Men1 cells were infected with either IQGAP1 ShRNA or scramble ShRNA lentiviruses, followed by adhesion assays (n=8; ±S.D.). Two tailed t-test was used to determine the P value for the difference as shown in the figure. Intercellular junctions marked by E-cadherin and β-catenin in βHC9-derived cell lines **(C)** and paraffin-embedded islets from wild type or *Men1*+/- mice **(D)** were imaged by immunofluorescence. Quantitative analyses of fluorescence intensity across long linear paths that intersect with at least three cell-cell contacts were performed using Zeiss LSM510 software. **(E)** Detection of menin, IQGAP1 and β-catenin complex. IQGAP1 was knocked down with a pool of 5 lentiviral shRNA constructs against murine IQGAP1. The cell lysates from control or IQGAP1 ShRNA knockdown Men1 cells were immunoprecipitated with menin-specific antibodies, followed by Western blotting to determine the association of IQGAP1 and β-catenin with menin. The bottom histogram shows quantification of β-catenin in lysate and menin-IP from control and IQGAP1-deficient cells as in B, normalized by β-catenin level in control lysate. \*, paired *t*-test, P\<0.05.
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![Menin inhibits migration of ßHC9-derived cells. **(A)** An equal number of mock cells or Men1-TAP cells were seeded onto the upper chamber and 24 hours later. Cells that remained in the upper chamber and those moved to the lower surface of the filter membrane were photographed and counted. **(B)** Menin overexpression inhibited closure of artificial wounds made in confluent cellular monolayers. One of three assays was shown (n=3; ±S.D.).](nihms77188f5){#F5}

![Menin directly binds to IQGAP1. (A) A schematic diagram of functional domains present in full-length IQGAP1 and seven fragments used for binding assays. (B) Nickel--agarose beads were precoated with 2μg of his-tagged IQGAP1 (FL), IQGAP1 (ΔNT), IQGAP1 (522), IQGAP1 (71), or BSA as a negative control. The precoated beads were then incubated 0.2μg of menin. Chemiluminescent immunoblotting was used to detect any menin that may have bound to beads. (C) Precoated GST-fusion C-terminal proteins of IQGAP1 were incubated with menin (0.2μg). Top, anti-menin Western blot of bound menin. Bottom: Coomassie stained gel slices show input of the GST-fusion proteins. Comparison of Western blot and Coomassie staining indicated that all samples of pre-coated GST-fusions were saturated over menin-binding. (D) Menin overexpression reduces cellular levels of activated Rac1. PAK1-PBD agarose and Rhotekin RBD agarose were used to isolate GTP-Rac1 from whole cell lysates from each of the indicated cell lines. The collected complexes were then resolved by SDS-PAGE, and probed with an anti-Rac1 antibody. The amount of Rac1-GTP was quantified by densitometry and normalized by the total input Rac1 protein. Relative to mock cells, Rac1-GTP reduced 2 fold and 6 fold in Men1-TAP and Men1 cells respectively. \*, paired *t*-test, P\<0.05. (E) A model for menin-regulated IQGAP interaction with the Rac1 and E-cadherin/β-catenin complex. When membrane menin increases, menin inhibits Rac1 activation and binds the tertiary structure by folding the C-terminus (C1 and C2) and N-terminus (N2) of IQGAP1. Their bindings induce IQGAP1 conformation switch to E-cadherin/β-catenin binding (black box, RasGAP domain) at cell-cell contacts and enhance intercellular adhesion. When reduction of menin activity occurs in tumor cells by *Men1* mutation, or increase of Rac1 activity by oncogene, such as Ras, Rac1-GTP interacts with IQGAP1 (blank box, GRD domain) and increases IQGAP1 accumulations in cytoplasm and at the front edge of migrating cells, thereby promoting cell mobility.](nihms77188f6){#F6}
